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Ribozymes as Potential Anti-HIV"l 
Therapeutic Agents 

Nava Sarver,* Edouard M Cantin, Pairoj S. Chang, John A. Zaia, 
Paxjia A. Ladne, Dbuiah A. Stephens, John J. Rossi 

Certain RNA molecule^ calkd ribozymes, possess enzymatic, self-deaving activity. 
The ckavage reaction is catalytic and no energy scarce is required. Ribozymes of the 
"fammcrhcad" motif were Identified in plant RNA pathogens. These ribozymes 
possess unique secondary (and possibly tertiary) structures critical for their cleavage 
ability. Hie present study shows precise cleavage of human immunodeficiency virus 
type 1 (HIV-1) sequences in a ccH-frcc system by hammerhead ribozymes. In addition 
to the cell-free studies, human cells stably expressing a hammerhead ribozyme targeted 
to HIV-1 gag transcripts have been constructed. When these cells were challenged with 
■ HIV-1, a substantial reduction in the level of HIV-1 gag RNA relative to that in 
nonribozyme-expressing cells, was observed. The reduction in gag RNA was reflected 
in a reduction in antigen p24 levels. These results suggest the feasibility of developing 
ribozymes as therapeutic agents against human pathogens such as HIV-1. 



INVESTIGATORS HAVE SHOWN THE 
ability of antisensc RNAs to impair 
gene expression (1) and have suggested 
the use of These molecules as antiviral and 
anticancer agents. However, there are sever- 
al limitations to this approach imposed, in 
part, by the stoichiometric nature of the 
inhibition. Alternatively, the observation 
that certain RNA molecules (ribozymes) 
possess enzymatic, self-cleaving activity (2- 
5) suggests that antisense molecules could 
be developed that not only form RNA-RNA 
hybrids, but also catalyticaDy cleave a phos- 
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phodiester bond in the target RNA strand 
Because the catalytic RNA would not be 
consumed during the cleavage reaction, a 
large number of substrate molecules could 
be processed (Fig. 1). Two structural mo- 
tifs, hammerhead (5, 6} and hairpin (7), 
have thus far been described as intermedi- 
ates in these self-cleavage reactions. 

Ribozymes in the hammerhead family 
share a high degree of similarity in primary 
and secondary structure {6, 8, 9). The ham- 
merhead consists of three stems and a cata- 
lytic center containing 13 conserved nucleo- 
tides (5'GAAAC(N) w GUN(N) fl CUGA(N) 
GA3') (Fig. 2). Natural catalytic centers 
may be formed by contiguous regions in the 
RNA (6, 8) or by regions separated by a 
large number of nucleotides (5, i0). Cleav- 
age occurs 3' to the GUX triplet where X 
can be C, U, or A (1}-13)> generating 2\3'- 
cyclic phosphate and 5' hydroxy I termini (4, 
.5). The essential constituents for the ham- 
merhead can be on separate molecules, with 
one strand serving as a catalyst and the other 
as a substrate (11, 12) (Fig. 1). Further, 
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RNA sequences containing only the con- 
served cleavage domain (GUX) can serve as 
compatible substrates (13, 14). 

To show the use of ribozyme-based reac- 
tions as a potential therapy for human im- 
munodeficiency virus type 1 (HTV-l) infec- 
tion, wc have designed hammerhead motifs 
that are stably expressed and are capable of 
cleaving HIV-1 RNA in a complex cellular 
environment. Ribozymes targeted to HIV-1 
gag caused a reduction in HIV gag RNA 
with a concomitant decrease in the gag- 
encoded protein, HIV-1 p24 antigen. 

Two distinct hammethead designs were 



used. Substrate A (Fig. 2a) contained two of 
the four conserved domains making up the 
catalytic center. These sequences, 5'GAA- 
AC3' and 5'GUX3' (the latter being the 
cleavage domain), represent two HIV-1 gag 
RNA regions only 7 nucleotides (nt) apart 
from each other. Substrate B (Fig. 2a) con- 
tained only the 5'GUX3' dcavagc site. In 
each case, die respective catalyst supplied the 
remaining consensus domains as well as the 
complementary sequences required to com- 
plete a stable hammerhead configuration. 
Design A and B catalyst RNAs were tran- 
scribed with the T7 RNA polymerase sys- 
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flg. 1. Catalytic cycle of ribcttyme-mediated ckavage (J^). Starting at the 9 o'clock position in the 
cycle, the catalyst (C) and substrate (S) RNAs associate by virtue of complementary sequences 
surrounding the catalytic center to form a complex, thereby forming the secondary configuration 
required for dcavagc. In the presence of cations, dcavagc of substrate occurs, generating the two 
cleavage products (5'F and 3'F) . Next, the complex dissociates, releasing 5'F and 3'F, and the catalyst is 
again available to combine with the next substrate strand. The unique feature of the reactions is the 
2\3'<ydic phosphate and 5' hydroxy! termini at the cleavage site. 



tern. HIV-1 RNA substrates were similarly 
generated from cloned DNA fragments har- 
boring the appropriate HIVHXB2 (IS) seg- 
ments. All RNAs were separated by electro- 
phoresis and purified in aayiamkie-urea gels. 

The reaction products generated by this 
strategy arc shown in Fig. 2b. Both catalytic 
designs induced cleavage of substrate RNA, 
although catalyst B did so much more effi- 
ciently. In fact, almost all of substrate B was 
consumed when 1 pmol each of substrate 
and catalyst were used with a 14-hour incu- 
bation period at 37°C. In contrast, 25 to 
30% of substrate A remained intact under 
the same experimental conditions. Concom- 
itant with the reduction in substrate, each 
cleavage reaction generated two new prod- 
ucts corresponding to the 5' and 3' portions 
of the substrate (Fig. 2b, 5'F and 3'F). The 
length of each fragment agreed with the 
predicted size. 

To confirm the specificity of the cleavage 
reaction, wc performed dideoxvribonucleo* 
tide sequencing with a synthetic deoxyribo- 
nucicotidc primer complementary to gag se- 
quences downstream of the expected cleavage 
site. This analysis confirmed that cleavage 
occurred precisely as predicted, immediately 
3' to GUX. It also showed, albeit indirectly, 
that the heterogeneity observed with the 
smaller cleavage product (Fig. 2b, 3'F) was 
caused by premature termination stops dur- 
ing the in vitro transcription reaction rather 
than imprecise cleavage events at multiple 
sites (itf). 

One potential way to stabilize the catalyst 
in an intracellular environment is through 
the addition of a 5' GpppG cap structure. 
To ascertain that such modification docs not 
impede the cleavage process, we used un- 
modified and capped catalysts. Uncapped 
and capped catalysts were very similar in 



Fig. 2. Comparison of the activities of two hammerhead 
catalytic RNA designs targeted to the same cleavage site 
(a) Base-pairing of the catalytic strands with the HIV- 1 gag 
RNA template for design A and design B is depicted on 
the left. Cleavage reactions using designs A and B arc 
presented on the right. Reaction conditions were as fol- 
lows: Catalytic and substrate RNAs were labeled with [a- 
^PJuridinc triphosphate. The cantfyrk and substrate 
RNAs (1 pmol of each) were mixed in a 10-ul reaction 
volume cxxitaining 50 otM tris-HQ, pH 7.5, and 1 mAf 
EDTA. The mixture was heated to 9S*C for 2 min, qukk- 
cookd on ice, 10 mAf MgQ 2 was added, and then it was 
incubated at 37^ for 14 hours, (b) The resulting products 
were analyzed in an 8% rx>h/aaylamidc-7M urea gd in 
tris-borate EDTA (TBE) buffer and autoradngrapfaed. 
Substrate RNA is 138 nt long, encompassing nucleotides 
1711 to 1789 in HTVHXB2 (15) (GenBank accession 
number K03455) phis an additional 60 nt from the 
porytinker, the scouences for the catalytic RNAs arc 
shown. Lane M, Hpa H-digested pBR322 molecular 
weight markers; lane Al, unrrxxlificd catalytic RNA A 
plus substrate; lane A2, 5' GpppG-capped catalytic RNA 
A phis substrate; lane Bl, tmmodified catalytic RNA B 
plus substrate; lane B2, 5' GpppG-capped unmodified catalytic. RNA B plus 
substrate; and lane S, substrate alone incubated under die same reaction 
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conditions. A and B refer to the respective designs in (a). S, substrate RNA; 
Q catalytic RNA; 5'F, 5' cleavage product; and 3'F, 3' cleavage product. 
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processing an identical substrate under these 
experimental conditions (Fig. 2b, compare 
Al to A2 andi Bl to B2). 

These results show that relative to catalyst 
A, catalyst B is more efficient in completely 
cleaving its substrate. This may be because 
of a more rapid formation of an active 
hammerhead configuration, since three of 
the four conserved domains reside along a 
single strand. Because the substrate B design 

hu-pactln SV40 




Fig. 3. Endogenously expressed catalytic RNA in 
HcLa CD4 + cells, (a) A schematic diagram of the 
mammalian expression vector containing an anti- 
ng hammerhead catalyst gene is shown. This 
vector, derived from p-hu 0 APr-l-gpt (17) was 
innoduced into HcLa CD4 + cells (18) by lifofec- 
tkm (materials and protocol from BRL) and 
transformants were selected based on stable 
expression of Gpt. Total RNAs isolated from 
positive transformants were used as templates for 
RNA-bascd PGR analyses, Primer 1 was comple- 
mentary to die SV40 sequences, downstream of 
the catalyst gene and upstream of the poly(A)"*' 
addition site; primer 2 was of the same polarity as 
the first 17 nt of the catalyst gene. The probe used 
to detect the amplified products was complemen- 
tary to catalyst sequences downstream of primer 
2. The PGR reactions woe carried out by first 
mixing 200 ng of total RNA from the various 
transformants with 20 pmol of primer 1 in lx 
GencAmp buffer (Taq polymerase buffer; Pcrktn- 
. Ebner-Cctusj, 200 umol of cadi dcaxynuckosidc 
triphosphate (dNTP) and 2 units of avian mye- 
loblastosis virus (AMY) reverse transcriptase 
(Life Sciences) in a total volume of 48 uf and 
incubating at 40°C for 3 min. Reaction mixtures 
were overbid with 50 ui of mineral oil and placed 
in a DNA Thermal Cycler for 40 cycles at 94°C 
for L min, 47°C for 1.5 min, and 72°C for 1.5 
min, with 5 s added at each cycle. Tfee PCR- 
amplified products were separated by elccrropho- 
rcsis in a 6% rx>lyacrvlamkfc--7Af urea gel in TBE 
buffer, and ckxrroblotted to a nylon membrane 
(Zcta-Probc, Bto-Rad). Hybridnarion of a la- 
beled ribozyrnc-spccific ofegon uc l f o ti de probe 
was carried out as describedprcviously (2J). (b) 
The expected size of the PCR- amplified produa 
is 80 nt (arrow). The lanes depict DNAs ampli- 
fied from catalytic RNA templates obtained from 
the various p-hu p APr-l-gpt-gagribo trans- 
formed clones. Lane M, Hpa II-digcsred 
pBR322 molecular weight marker (90- and 72-kb 
sizes arc shown to the left); lanes A, Q and D, 
isolated transformed clones; lane B, pooled trans- 
formants; and lane E, un transformed HcLa 
CD4* parental cells. 
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contains only the dcavagc domain, a greater 
number of RNA sequences can be used as 
targets. Substrate B was, therefore, the pro- 
totype used in subsequent experirncnts. 

Implementation of ribozymcs for thera- 
peutic use will depend on the ability of 
RNA catalysts to function in a complex 
cellular milieu. Specifically, it is necessary to 
determine whether (i) stable expression of 
the catalyst can be achieved; (ii) nonspecific 
cellular or viral RNAs present in infected 
cells would impede the association of the 
catalyst with target RNA, and thereby in- 
hibit cleavage; (iii) long mRNA targets are 
accessible for cleavage; (iv) vector-derived, 
noncomplemcntary flanking sequences in 
the catalyst interfere with specific dcavagc; 
and (v) endogenous ribozyme expression is 
toxic to cells. To study these questions, we 
cloned an anti-gag catalyst gene in a mamma- 
lian expression vector (17) (Fig. 3), which 
uses the constitutive human p-actin promot- 
er to drive transcription. The resulting vec- 
tor was transferred into CD4* HcLa cells 
(18), and stable guanosyl-phosphoribosyi- 
transferase (GPT)-cxpressing colonics were 
isolated. Several individual clones, as well as 
pooled populations, were examined for 



expression of the catalyst with an RNA- 
based polymerase chain reaction assay 
(PCR) (19) (Fig. 3). In each case tested, 
catalytic RNA was detected. The presence of 
anti-gag ribozyme was confirmed by North- 
ern (RNA) gel analysis of polyadenylated 
[poly(A) + ] RNA from expressing cells: a 
broad band of approximately 450 nt, 200 to 
250 nt longer than the expected primary 
transcript, was detected (76). The additional 
length of the hybridizing fragment is attrib- 
utable to a poly (A)* tail. 

Next, we studied the ability of these mole- 
cules to cleave viral RNA in acute infections. 
Cell lines expressing the catalytic RNA, as 
well as ^transformed parental cells, were 
challenged with HIV-1 as described (20), 
PCR analysis was done on total RNA isolat- 
ed 7 days after infection (Fig. 4a): GAG1 is 
a first-strand primer of opposite polarity to 
HIV-1 RNA, and it is located within thegag 
region 220 nt downstream of the expected 
cut site. GAG2 and LTR1 are second-strand 
primers of the same polarity as the viral 
RNA. GAG2 is 15 nt downstream of the cut 
site and LTR1 is 240 nt upstream. In the 
absence of cleavage, two species are expect- 
. ed: an intact 480-nt fragment extending 
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Rg. 4. Ribozyrne-mediared dcavagc of gag RNA after challenge with HIV-1. Monolayers of HcLa 
CD* cells in 24-wdl culture plates were washed twice with Diilbccco's modified Eagle's medium 
(DMEM) and then treated with 200 ui of DMEM containing 10% fetal bovine serum (FBS) and 
Porybrcne (10 ugtail). A 20- uJ inoculum of HIV-1 was added to each well (20). Adsorption was at 
37°C for 2 hours. The cells were then washed twice with DMEM and fed with 1 ml of DMEM 
containing 10% fetal calf serum. Cells were incubated for 7 days and then assayed for viral RNA and 
soluble p24 with a commercialry available kit (Du Pont), (a) ReUnvc position of the dcavagc site 
wrdun the Primers are descn^ 
ith the following exceptions: Reverse transcription was performed for 3 min at 37°C with only primer 
AG1 and 2 umrs of AMV reverse transcriptase in GencAmp Taq polymerase buffer. After this 



wii 

GAG1 



reaction, the second primer and 2,5 units of faq polymerase were added. For LTR1 and GAG 1 , the 
cycling coo&ric™ were as r 50 cycles. 

For GAG2 and GAG 1, the conditions were 94°C for 2 min, 47*C for 3 min, and 72°C for 40 s with an 
additional 3 s every cycle for the first 25 cycles. The products of the PCR reactions were treated as 
ckscribed previously (23) including el<xirophorcsis in 1:5% agarose in TBE buffer, alkaline blotting to a 
nylon membrane, and hybridization winS a ^-labeled oHgonuckoride probe complementary to 
sequences in between GAG1 and GAG2. (b) PCR amplification of HIV-1 RNA Each lane contained 
DNA amplified from 0.5 wjof total RNA from HTV-l-inreeted cells. The sizes for the PCR produces 
are shown. Lanes A, unna ns forrocd HeU CD4 * parental cells; lanes B, cloned cdl line transformed 
with anti-Mj catalytic RNA; lanes C, pookd clones nansformcd with the ant>*£ catalytic RNA; and 
lanes D, PCR contamirtation control lacking template. Infection of the cells with HIV-1 was as 
previously described (20). 
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from GAG1 to LTR1, which encompasses 
die cleavage she, and a smaller, 200-nt frag- 
ment delineated by GAG1 and GAG2, If 
cleavage o(gag RNA has occurred, a reduc- 
tion in the level of the 480-nt species relative 
to the 200-nt fragment is expected. Untrans- 
fbrmed cells (Fig. 4b, lanes A) contained 
similar levels of the 480- and 200-nt frag- 
ments, as expected- In contrast, cloned cells 
expressing the catalytic RNA contained sig- 
nificantly less of the larger, 480-nt fragment 
relative to the smaller, 200-nt species (lanes 
B). This was more striking with an RNA 
sample extracted from pooled clones, where 
the 480-nt fragment was almost undetect- 
able (lanes C). Since the 200-nt fragment is 
derived from sequences not subject to cleav- 
age, the relative reduction of mis fragment 
in ribozyme-contaihing cells versus parental 
cells shows that the ribozymc is cleaving 
incoming viral RNA 

Quantitative determination of soluble 
p24 antigen at 7 days after infection showed 
a marked diminution in the amount secreted 
from transformed compared to parental 
cells. For the samples shown in Fig. 4b, the 
p24 concentrations were 0.14 ng/ml for 
cloned transfbrmants and 0.23 ng/ml for 
pooled transformants. In contrast, untrans- 
formcd cells secreted >10 ng/ml of the 
antigen. In addition to the reduction in gag 
RNA and p24 Jcvejs, HTV-l-infectcd, 
transformed cells contained significantly less 
(as much as 100 times) HTV-1 pro viral 
DNA sequence compared to their infected, 
untiansformcd counterparts (21), This sug- 
gests, albeit indirectly, that constitutive^ 
expressed ribozymcs can cleave incoming 
viral RNA genomes. A greater reduction in 
pro viral DNA was seen in pooled compared 
to cloned cells {21), which correlated with 
the more pronounced reduction in gag RNA 
(Fig. 4b). 

The potential deleterious effect of consti- 
tutively expressed catalyst on cell viability 
was evaluated in a short-term growth analy- 
sis. Transformed and untxansformed (paren- 
tal) cells were indistinguishable with respect 
to viability (>99% by trypan blue exclu- 
sion) and plating efficiency (>90%) at days 
1, 2, 5, and 9 after seeding. The average 
doubling time over a 9-day period was 24.2 
hours for parental cells and 23.1 hours for 
ribozymc-containing cells. Their RNA and 
DNA contents were the same and no mor- 
phological differences were detected (21). 
Cells expressing functional catalysts that 
have been in culture for more than 9 months 
show no signs of cytotoxicity. 

Experiments presented here show stable 
expression of biologically active catalytic 
RNAs within a complex intracellular envi- 
ronment in the absence of cytotoxicity. En- 
dogenous expression of an mu-gag catalytic 
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RNA caused a diminution in viral-encoded 
gag RNA, proviral DNA, and p24 antigen. 
That a reduction in HIV gag RNA occurs 
concomitantly with a substantial reduction 
(20- to 40-foki) in p24 indicates that ribo- 
zymcs can affect HTV-1 replication. Al- 
though it is conceivable that cleavage is 
mediated by a mechanism independent of 
catalytic RNAs, total RNA extracted from 
transacted cells retains the ability to cleave 
HIV gag RNA in a cell-free system (2d), 
indicating that cleavage can be mediated by 
an RNA component alone. 

As with any anti-HTV-1 therapeutic strat- 
egy, the problem of a high mutability rate 
that may abolish the site of dcavagc must be 
addressed. Work with oligonucleotides as 
inhibitors of gene expression has shown that 
target sequences proximal to highly con- 
served regions (that is, AUG translation 
initiation codon, splice sites, single-strand 
loops in hairpin structures) arc more accessi- 
ble to binding (22). These sites and binding 
sites for viral regulatory factors (that is, tat 
and rev), whose functions are extremely 
sensitive to genetic variations are logical 
targets for catalytic RNAs. Alternatively, a 
multivalent ribozymc directed to multiple 
cleavage sites along a single RNA transcript 
may increase the probability that at least one 
of the target sites will be cleaved. By cleav- 
ing RNA targets at specific sites, catalytic 
RNAs offer a means for reducing the level of 
deleterious RNAs. Ribozymcs thus repre- 
sent a newly emerging class of potential 
anti-HTV-1 agents. Once combined with 
gene therapy, the full potential of ribozymcs 
as therapeutic agents should be realized 
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A T Celt-Specific Transcriptional Enhancer 
Within the Human T Cell Receptor 8 Locus 

Juan Miguel Bjbdondo, Shingo Hata,* Cathy Brockxehtjrst, 
Michael S. Krakgel 

The T cdl antigen receptor (TCR) 6 gene is located within the TCRo locus. A T ceil- 
spedfk transcriptional enhancer, distinct from the TCRor enhancer, has been identi- 
fied within the Jb3-Q intron of the human T cell receptor 8 gene. This enhancer 
activates transcription from the V&1 and V*3 promoters as well as from heterologous 
promoters. Enhancer activity has been localized to a 250-bp region that contains 
multiple bteding sites for nuclear proteins. Thus, transcriptional control of the TCR8 
and TCRo genes is mediated by distinct regulatory elements* 



EXPRESSION OF THE REARRANGING 
genes that encode the immunoglob- 
ulin (Ig) and TCR polypeptides is 
controlled in part by promoter elements 
associated with the variable (V) gene seg- 
ments and enhancer elements associated 
with the constant (C) gene. segments (J). 



Such elements are separated by large dis- 
tances in the gcrmlinc configuration, but are 
brought into proximity by the rearrange- 
ment of V segments to diversity (D) and 
joining (J) segments, thereby inducing selec- 
tive expression of the rearranged gene. Tis- 
sue-specific transcriptional enhancer clc- 
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